Abstract: Nigeria is one of the most dynamic economies in Africa. Strong GDP and population growth coupled with urbanization trends place tremendous pressures on natural resources and the food systems that are dependent on them. Understanding the impact of these "mega trends" is important to identify key leverage points for navigating towards improved nutrition and food security in Nigeria. This paper contributes to the Foresight Project of the Food Systems for Healthier Diets which aims to analyse how the food system in Nigeria is expected to transform in the next decades, and to identify the leverage points for making sure that the transformation contributes to balanced consumer diets. For the food systems foresight, a well-established global economy-wide model, MAGNET, is applied that enables to capture the interlinkages among different food industry players in one consistent framework. By linking MAGNET to the GENUS nutritional database, it is further possible to relate the developments occurring on a macro-level with detailed macro and micronutrient consumption. Model projections suggest that a process of intensification of agriculture in combination with land substitution appears critical for the evolution of food and nutrition security, and for shifts towards healthy diets for the population. Intensification results in greater diversity of the production systems, which in turn cascades into positive effects on the diversity in the food supply and better food security outcomes.
Introduction
Nigeria is one of the most dynamic economies in Africa. Strong GDP growth and high fertility rates [1] suggest an unfinished demographic revolution, placing tremendous pressures on natural resources and the food systems that are dependent on them. In particular, arable land for expansion is becoming increasingly scarce [2] . Understanding the impact of these "mega trends" on food and nutrition security in the country is highly relevant. Malnutrition in all its forms remains a key concern in Nigeria. While chronic malnutrition remains widespread (in 2013, 37% of children under 5 years of age were stunted [3] ), the need to curb the rising prevalence of overweight and obesity among adults and children is emerging as a priority for food security and health policy. Economic development and changing market conditions are associated with shifts in consumption patterns that simultaneously move towards and away from healthy diets [4] . Healthy diets typically have four characteristics-related to quantity, quality, diversity and safety of the diet-and translate into principles for adult consumption [5] : sufficient consumption of fruit, vegetables, pulses; moderate consumption of animal source food, with limited intake of processed meat and sugar-sweetened
•
Supra-national level: Included are the unequal levels of wealth and rates of economic growth among countries and regions, the sectoral composition and human capital dimension of growth including changes in population growth. Excluded is the variation across countries in the quality of basic services that are available to the population. For example, Nigeria has the largest population of out-of-school youth in the world [11, 12] . The Nigerian population is increasingly youthful and urbanized, with the urban population expected to outstrip the rural population by 2025 [13] .
Interactions with global markets for commodities and merchandise, and integration with the global economy through international trade and adjustments of real exchange rates are included; currency fluctuations and stabilization policies are excluded. The differentiated effect of climate change is included at global level. Section 2.3 dwells largely on these drivers.
• National and sub-national level: Nigerian food systems are the most important sector in the country, representing 41% of Nigeria's value added in 2011 (see Section 3.3) . Included in the analysis are the interaction between agriculture, food supply chains and non-agriculture sectors (energy supply, manufacturing, services), and the interplay between technology change and changes in the factors of production at the national level. Assumptions on the expected rate of technological progress are included in the analysis; excluded are the process of diffusion and adoption. The connection between public research, education and extension services is generally considered weak [14, 15] , which hampers adoption processes. Nigeria's core infrastructure stock was low (about 20-25% of GDP) until recently, yet investment in infrastructure has greatly increased in the last 4-5 years.
The impact of such investments on infrastructural developments such as roads, railways, storage facilities, as well as energy and ICT are excluded from the analysis. Being almost completely rain-fed, cropping systems and the national food system in Nigeria are sensitive to climatic conditions. Included in the scope of the analysis is the impact of global climate change on agricultural yields. Excluded from the analysis are the feedback mechanisms from more extreme weather, degraded land and water resources, and climate change adaptation on the resilience of the primary production systems [16] . Human-induced crises such as forced displacement of populations due to armed conflicts, insurgency, forced evictions and herdsmen-farmers clashes are affecting food systems in Nigeria, e.g., [17, 18] . The impact of conflict and political instability on the food system is excluded from the analysis. Political drivers of food systems including leadership and governance and conflicts/humanitarian crises are largely excluded from the analysis, except for limited discussions of land tenure systems (Section 2.3).
Household level: Included are the access to productive assets such as land or fishing grounds, capital and infrastructure for livelihood activities of households, with distinctions between skills levels in the labour market; excluded from the analysis are community-level or other in-country inequalities in access to these assets, as well in access to care, hygiene environment and opportunities for schooling. While demographic change is included in terms of population growth rates, it is not included how the food system must increasingly cater for young and urban consumers, with their nutritional needs and aspirations. Urban patterns of food choice are noticeably different from rural patterns across Africa, and include less consumption of traditional staples, more animal and dairy products, more processed food, and a much greater proportion of food consumed outside of home [19] . Both the possible globalization of food culture and change of traditional food systems in Nigeria related to tribal culture have been scarcely documented, see e.g., [20] . Included in the scope of the present study are the variation in food access and composition of consumed diets across households depending on their regional location. Excluded from the scope are urban and rural differences in the decision-making regarding consumption in the specific demographic, socioeconomic and cultural context; the unequal socioeconomic conditions and institutional environment across households; the unequal distribution of food, money and power of decision-making between members of the household.
Economy-Wide Modelling Framework
This study applies the MAGNET (Modular Applied General Equilibrium Tool) model, a well-established CGE model used for global projections on agriculture, bio-based economy, climate, food security and nutrition as well as country-specific assessments (see for instance [21] [22] [23] [24] ). As an economy-wide model, MAGNET is well placed to examine the costs and benefits of policy scenarios via changes in input and output prices and allocation of competing (agricultural and non-agricultural) uses of primary factors and intermediate inputs [25] . From a food systems perspective, the key strength of MAGNET lies in exploring food systems dynamics, by capturing the interlinkages among different food industry players (farmers, processors, suppliers, traders and consumers) in one consistent framework (see the circular flow of MAGNET in Figure 1 ). Scenario analysis using MAGNET contributes to an ex-ante identification of challenges and pathways for innovation taking into account trade-offs and synergies between various objectives. proportion of food consumed outside of home [19] . Both the possible globalization of food culture and change of traditional food systems in Nigeria related to tribal culture have been scarcely documented, see e.g. [20] . Included in the scope of the present study are the variation in food access and composition of consumed diets across households depending on their regional location. Excluded from the scope are urban and rural differences in the decisionmaking regarding consumption in the specific demographic, socioeconomic and cultural context; the unequal socioeconomic conditions and institutional environment across households; the unequal distribution of food, money and power of decision-making between members of the household.
This study applies the MAGNET (Modular Applied General Equilibrium Tool) model, a wellestablished CGE model used for global projections on agriculture, bio-based economy, climate, food security and nutrition as well as country-specific assessments (see for instance [21] [22] [23] [24] ). As an economy-wide model, MAGNET is well placed to examine the costs and benefits of policy scenarios via changes in input and output prices and allocation of competing (agricultural and nonagricultural) uses of primary factors and intermediate inputs [25] . From a food systems perspective, the key strength of MAGNET lies in exploring food systems dynamics, by capturing the interlinkages among different food industry players (farmers, processors, suppliers, traders and consumers) in one consistent framework (see the circular flow of MAGNET in Figure 1 ). Scenario analysis using MAGNET contributes to an ex-ante identification of challenges and pathways for innovation taking into account trade-offs and synergies between various objectives. 
MAGNET Model Database
MAGNET is a neoclassical recursive dynamic, multi-regional, multi-commodity computable general equilibrium (CGE) model. At its core is the well-known Global Trade Analysis project (GTAP) model and the associated GTAP database. The core of the MAGNET database is the 2011 reference year of GTAP database version 9.2, distinguishing 140 regions, including Nigeria, 8 production factors and 57 sectors [26] . To enhance MAGNET's ability to assess food system and health implications of diet changes, FAOSTAT data is used to split standard GTAP sectors, adding 
MAGNET is a neoclassical recursive dynamic, multi-regional, multi-commodity computable general equilibrium (CGE) model. At its core is the well-known Global Trade Analysis project (GTAP) model and the associated GTAP database. The core of the MAGNET database is the 2011 reference year of GTAP database version 9.2, distinguishing 140 regions, including Nigeria, 8 production factors and 57 sectors [26] . To enhance MAGNET's ability to assess food system and health implications of diet changes, FAOSTAT data is used to split standard GTAP sectors, adding more detail in terms of types of meat (beef, other ruminants, pork, poultry) both in terms of primary products and processed meat products. FISHSTAT data is used to split the GTAP fish sector into aquaculture, wild catch and a fish processing sector producing processed fish for consumers and fishmeal for use as animal feed. To capture the scope for livestock intensification and its potential links to aquaculture, an animal feed sector is defined which uses fishmeal among other crop-based inputs. For crops a fertilizer sector is separated from the broader chemical sector, which can be used as a substitute for land. This allows changes in intensification based on land rent and agricultural prices.
Running the model with the full MAGNET database of 140 regions, 83 sectors and 8 factors is computationally infeasible. Given the purpose of this study, a food-focused sector aggregation was used while the world was aggregated in 11 regions, keeping Nigeria as an individual country (see Table 1 ). Table 2 lists the food sectors, indicating the amount of food system detail the model is able to capture at macro level. The complete list of sectors included in MAGNET is in Appendix B, Table A1 . Assumptions on the extent to which inputs can be substituted with each other are a key driver of price and thus food system developments. Production in any of the MAGNET sectors listed in Table 2 are modelled using flexible, multilevel nested Constant Elasticity of Substitution (CES) production functions allowing for substitution of different primary production factors (land, labour, capital and natural resources) and intermediate production factors like energy, fertilisers and animal feed components. In primary agriculture, the production tree is more complicated than in the rest of the economy to be able to capture agricultural intensification processes.
The production structure for arable and horticultural sectors comprises four composite levels or nests (Appendix A, Figure A1 ). In the upper nest, intermediate consumption and value added are combined in fixed proportions (the corresponding elasticity of substitution is zero (the substitution elasticity values are based on GTAP)). This captures the idea that certain intermediate inputs like seeds are always needed and cannot be substituted by for example labour. One level down the value-added composite consists of a land-fertilizer bundle and the remaining production factors bundle, with substitution elasticity close to zero (0.1) (the choice for very low substitution elasticity is based on simulations made in the past where we observed that low substitution elasticities produce more plausible simulation results [23] ), suggesting that that there is limited substitution between the inputs. The substitution between land and fertilizer is further defined on the third level, with the elasticity at 0.75, respecting the assumption that it is easier to substitute for inputs that are on a lower level of production structure where inputs are more similar. Because the substitution elasticity is less than 1, the factors behave as complements-an increasing demand for land will tend to increase demand for fertilizer but since the elasticity is not zero land can be substituted for fertilizer. This limited scope for substitution captures the fact that the chemical fertilizers in the MAGNET fertilizer sector can reduce but not fully replace the use of land.
The production tree for the livestock sector is similar to crops (Appendix A, Figure A2 ) but combines land with feed, which is further composed of concentrated feed and feed from different crop sectors. Again assuming (imperfect) complements rather than substitutes (elasticity is <1) allows limited scope for intensifying livestock production by substituting land with feed. Finally, the production structure in food processing sectors as well as the remaining industry and services consists of only 2 levels (Appendix A, Figure A3 ). The production tree has only one nest (following GTAP), assuming that all production factors have the same substitution elasticity which is higher than 1, suggesting that the factors behave as substitutes while the bundle of factors behaves as a perfect complement to all intermediate inputs (elasticity of 0 in the top nest).
MAGNET Labour and Land Availability
Assumptions of production functions determine the food production responses to input price changes. Availability of factors, notably labour and land, affect the extent to which sectors need to compete with each other which is reflected by changing wages and land prices.
Modelling of labour markets in MAGNET reflects the presence of rent and wage differentials between agricultural and non-agricultural sectors [27] . This study adopts the assumption that unskilled labour cannot move freely between agriculture and the rest of the economy. However, within the agricultural sector, skilled and unskilled labour behave as perfect substitutes. The market for skilled labour is not segmented and skilled labour is free to move in all sectors in the economy. This modelling assumption is adopted in the light of a projected increase of skills endowment in Nigeria. Allowing more educated labour to be employed elsewhere increases the absorption capacity of the projected boost of skills in the economy, where at the moment 70% of skilled labour is employed in services.
Availability and thus price of land in MAGNET is determined by the change in total agricultural land and the ease with which land can move between agricultural sectors. Total agricultural land supply is not fixed in MAGNET but a function of the real land price. If prices increase, more land is taken into cultivation, but the closer to the upper limit of land potentially suitable for agriculture Sustainability 2019, 11, 835 7 of 31 the more costly land becomes. This land supply module captures that accessible and fertile lands are taken into cultivation first and the further one expands agricultural land, the more costly the conversion becomes. The price elasticity of land supply for all countries in MAGNET has recently been estimated [28] . In Nigeria, the elasticity is set at 0.07, which is lower than for instance in Ethiopia (0.22), and which reflects the rigidity of the land market as well as the limited possibility of further expansion of land in Nigeria.
The land allocation module in MAGNET then allocates total agricultural land as a heterogeneous production factor (e.g., having different biophysical characteristics) depending on the commodity produced by a specific sector. This means that different land types cannot be perfectly substituted and that adjustment costs are involved when land moves from one sector to the other. This is modelled by using a constant elasticity of transformation (CET) function (for a schematic representation of the CET land function, see Appendix A, Figure A4 ). Effectively, the land allocation module assumes that it is easier to reallocate land within the group of cereals, oilseed and protein crops (COP) activities (NEST 3), while greater adjustment costs are assumed to enable land to move out of COP production into, say, horticultural activities.
Extension of MAGNET for Modelling Nutrients Supply using the GENUS Database
A key strength of MAGNET is its modular structure which allows the user to easily activate those modules of most relevance to the study at hand. In this case, the study makes use of the MAGNET extension to incorporate the Global Expanded Nutrients Supply (GENUS) database [29] . The GENUS database provides macro and micronutrient data for 225 products in 175 countries, including Nigeria. GENUS allows to disentangle the nutritional aspects of food supply-both in terms of the numerous nutritional indicators, and in terms of a much more detailed food composition (see Appendix B, Table A2 for the nutritional indicators in Nigeria in the Base year). The GENUS database combines the FAO food balance sheets (FBS) with trade data and food compositional tables to construct a global and historical food and nutrient supply database. From the estimates of the domestic food supply in the FBS, the edible food supply is obtained after taking into account slaughtering, peeling, etc. Using region-specific composition tables, nutrient supply is derived and provided at a 95% confidence interval (median, low and upper bounds). See Appendix B, Table A2 for the estimated range of the nutrient supply for Nigeria. In the MAGNET GENUS extension, the individual GENUS food items are mapped to MAGNET commodities. Changes in the growth of quantities demanded by household as modelled by MAGNET are used to update the nutritional indicators in the GENUS data, resulting in consistent assessments of food and nutrient availability for the representative household in MAGNET [21] . In the model version applied in this paper, a single representative household is used.
It is important to make a cross-validation of the nutritional data with other sources in the literature (Table 3) . Brouwer et al. (2018) explore food and nutrient intake at the household level based on the General Household Survey (GHS) for Nigeria [30] . The GHS is a survey in the format of the World Bank's Living Standard Measurement Study-Integrated Surveys on Agriculture (LSMS-ISA). It collects data on agricultural practices, socio-economic characteristics of households and communities in a nationally representative sample of 5000 households [31] . Brouwer et al. report average daily caloric consumption from GHS for households in adult female equivalents, which is approximately 20% lower than the usual average adult equivalent. The study of Akerele (2015) computes per capita adult equivalents per rural and urban population, based on the most recent national food consumption and nutrition survey (FCNS) in 2003-04 [32] . In Aromolaran (2010) , the caloric data are based on the author's survey of 480 households from semirural areas of south-western Nigeria [33] . When comparing across these sources, it is apparent that all agree on a high share of carbohydrates in the diets (above 60%). Cassava is one of the most important sources of carbohydrates in the Nigerian diet. The GENUS database estimates the average intake of cassava of about 280 g of per day, which is similar to the data collected in a local survey [34] . It is also noted that in Aromolaran, where data comes from a specific region, the share of roots and tubers is even much higher than in the national surveys (56% of total consumption). It is not straightforward to compare the total caloric consumption across the sources due to differences in the definitions and measurement. The total caloric consumption expressed in female adult equivalent is 2346 Kcal. When converted to male adult equivalent (2815 Kcal), it is close to the caloric consumption reported in the GENUS database (2969 Kcal per capita). However, it is important to note that the GENUS database measures available caloric supply or availability derived from food balances, whereas the nutritional surveys measure the direct caloric intake by households and individuals. To reflect this in our caloric projections, a correction factor to the GENUS caloric data is applied to downscale the caloric availability to intake by average female equivalent reported in the GHS analysis, which is considered the most representative, given that the data from Akerele is based nutritional surveys from 2003-2004 and Aromolaran provides nutritional data from a single region.
In addition to the caloric composition, it is also insightful to compare the nutritional adequacy of GENUS with other sources. A ratio of nutrient intake to the recommended average intake is calculated and compared with the GENUS nutritional data converted to the female equivalent intake. Table 4 shows that the nutrient adequacy is very similar in both data sources and fat, riboflavin, iron and calcium are the most deficient nutrients in Nigeria. On the other hand, the intake of other micronutrients such as vitamin A, B6 and vitamin C is sufficient. However, it is important to note that even when the average intake exceeds the recommended dose, due to variation in incomes and diet patterns, there are households that do not meet the requirements. 
Quantified Drivers of Food Systems Change in Nigeria
To build the foresight on national food systems, the paper follows the scheme presented in the previous section. From the modelling perspective, this means adopting various choices on how the key national drivers of the food systems will evolve in the future. After specifying this, it will be able to assess how the impact of these drivers will affect future food systems and determine the important limitations and opportunities for Nigeria.
The first considered driver is the GDP growth. After 2000, Nigeria enjoyed a decade of favourable economic growth with average annual rates around 8%. Right before the recent crisis, the economy was growing about 5% p.a.
[1]. Such high rates, which result in doubling total GDP in only about 10 years, are in line with Solow's theory of economic growth that expects that countries with an initially low level of capital stock grow faster to accumulate new capital. If Nigeria sustained such growth rates into the future, it could easily step up to a higher income level category. However, the recent economic crisis has also revealed some of the bottlenecks of the economy, which are a high dependence on the oil sector, an overvaluation of the exchange rate and armed conflict [35] . This means that the favourable projections of GDP growth are conditional on resolving some of the weaknesses.
To translate the expected economic performance into our MAGNET model, there are several established international macroeconomic forecasts, such as the World Bank [36] and IMF Economic Outlooks [37] . However, these forecasts extend only into the closest future (not far beyond 2020) and therefore they are not suitable for long-term projections beyond 2020. For instance, the extrapolation of the IMF forecast beyond 2022 would be biased downwards due to the effect of the recent crisis (see Figure 1) . The shared socioeconomic pathways (SSP) projections [38] are commonly used in foresight modelling exercises because of their long-term span and underlying future storylines. However, the projected GDP growth rates in the SSP2 Middle of the Road scenario ( Figure 2 ) seem to be very optimistic, expecting that Nigeria could reach up to 12,000 GDP per capita by 2050, which is at the edge of an upper middle income economy (comparable to Russian Federation or Turkey) [39] . Optimistic, but not that extreme are the projections of the PWC outlook to 2050, which assume that Nigeria would reach about 4500 GDP per capita by 2050, belonging to the group of upper-middle income economies, comparable for instance to Albania [40] . For this MAGNET analysis, the PWC scenario is chosen, which reckons with optimistic but moderate GDP growth (4-5% annually until 2050). This choice is in line with other studies; a recent study uses an assumption of 5% growth for the periods until 2030 [16] . Adopting the PWC scenario therefore assumes a transition of Nigeria from lower-middle income to an upper-middle-income economy. Sustainability 2018, 10, x FOR PEER REVIEW 10 of 32 Another key driver for the long-term modelling is the population growth. In this case, the SSP2 projections are based on the UN population growth projections (the medium variant). Figure 3 shows that due to the growth rate exceeding 2% p.a., population will double in Nigeria by 2050. High population growth is also expected in other Sub-Saharan Africa regions, whereas in the EU and other high income countries, the growth is limited. High population growth brings pressure on resources but it can also be an opportunity as a country can benefit from the abundance of labour force. The ratio of skilled and unskilled population will be important for cashing from the demographic dividend-whether the expected mix of skills will find a place in the labour market. In order to translate this into MAGNET, the Wittgenstein labour projections [41] are used. Figure 4 shows that at present, the number of unskilled labour slightly exceeds the number of skilled people in the economy. By 2050, it is expected that the share of skilled labour will reach 70%, up from 40% now, which is comparable with the EU (77%). Another key driver for the long-term modelling is the population growth. In this case, the SSP2 projections are based on the UN population growth projections (the medium variant). Figure 3 shows that due to the growth rate exceeding 2% p.a., population will double in Nigeria by 2050. High population growth is also expected in other Sub-Saharan Africa regions, whereas in the EU and other high income countries, the growth is limited. Another key driver for the long-term modelling is the population growth. In this case, the SSP2 projections are based on the UN population growth projections (the medium variant). Figure 3 shows that due to the growth rate exceeding 2% p.a., population will double in Nigeria by 2050. High population growth is also expected in other Sub-Saharan Africa regions, whereas in the EU and other high income countries, the growth is limited. High population growth brings pressure on resources but it can also be an opportunity as a country can benefit from the abundance of labour force. The ratio of skilled and unskilled population will be important for cashing from the demographic dividend-whether the expected mix of skills will find a place in the labour market. In order to translate this into MAGNET, the Wittgenstein labour projections [41] are used. Figure 4 shows that at present, the number of unskilled labour slightly exceeds the number of skilled people in the economy. By 2050, it is expected that the share of skilled labour will reach 70%, up from 40% now, which is comparable with the EU (77%). High population growth brings pressure on resources but it can also be an opportunity as a country can benefit from the abundance of labour force. The ratio of skilled and unskilled population will be important for cashing from the demographic dividend-whether the expected mix of skills will find a place in the labour market. In order to translate this into MAGNET, the Wittgenstein labour projections [41] are used. Figure 4 shows that at present, the number of unskilled labour slightly exceeds the number of skilled people in the economy. By 2050, it is expected that the share of skilled labour will reach 70%, up from 40% now, which is comparable with the EU (77%). The dynamic economic and population growth that is projected into the future will put tremendous pressures on natural resources in order to feed the existing population. Therefore, it is important to take into account the availability of agricultural land for further expansion. As pointed out in the PWC Report on Nigeria's agricultural value chains [42] , most of the agricultural growth in the past has been driven by area expansion, with limited contribution of yield growth. This suggests that there is only a limited proportion of land that could yet be brought to cultivation. The estimations from the IMAGE model provide an overview of actual land available that can be used for commercial purposes (e.g., crop land and pasture land versus parks) across the world [2] . Figure 5 shows that already, 93% of available agricultural land is occupied. This is because out of the total 79 million ha of available agricultural land, 70 million ha are being cultivated, from which about 40 million ha are arable land and the rest are pastures and other agricultural land (Table 5 ). This implies that the only way how to increase land use comes from a conversion of the extensively used pasture land to arable land. Indeed, various literature sources claim that about 40% of agricultural land can still be put in cultivation [42] [43] [44] . However, it must be noted that these claims are only feasible by transforming the existing land use, not by adding more land into cultivation. In addition to this, there are also economic barriers to land access. Administrative procedures for acquiring new agricultural land in Nigeria may be cumbersome and have been put forward as a major bottleneck in the food supply system [42, 45] . The dynamic economic and population growth that is projected into the future will put tremendous pressures on natural resources in order to feed the existing population. Therefore, it is important to take into account the availability of agricultural land for further expansion. As pointed out in the PWC Report on Nigeria's agricultural value chains [42] , most of the agricultural growth in the past has been driven by area expansion, with limited contribution of yield growth. This suggests that there is only a limited proportion of land that could yet be brought to cultivation. The estimations from the IMAGE model provide an overview of actual land available that can be used for commercial purposes (e.g., crop land and pasture land versus parks) across the world [2] . Figure 5 shows that already, 93% of available agricultural land is occupied. This is because out of the total 79 million ha of available agricultural land, 70 million ha are being cultivated, from which about 40 million ha are arable land and the rest are pastures and other agricultural land (Table 5 ). This implies that the only way how to increase land use comes from a conversion of the extensively used pasture land to arable land. Indeed, various literature sources claim that about 40% of agricultural land can still be put in cultivation [42] [43] [44] . However, it must be noted that these claims are only feasible by transforming the existing land use, not by adding more land into cultivation. In addition to this, there are also economic barriers to land access. Administrative procedures for acquiring new agricultural land in Nigeria may be cumbersome and have been put forward as a major bottleneck in the food supply system [42, 45] . The dynamic economic and population growth that is projected into the future will put tremendous pressures on natural resources in order to feed the existing population. Therefore, it is important to take into account the availability of agricultural land for further expansion. As pointed out in the PWC Report on Nigeria's agricultural value chains [42] , most of the agricultural growth in the past has been driven by area expansion, with limited contribution of yield growth. This suggests that there is only a limited proportion of land that could yet be brought to cultivation. The estimations from the IMAGE model provide an overview of actual land available that can be used for commercial purposes (e.g., crop land and pasture land versus parks) across the world [2] . Figure 5 shows that already, 93% of available agricultural land is occupied. This is because out of the total 79 million ha of available agricultural land, 70 million ha are being cultivated, from which about 40 million ha are arable land and the rest are pastures and other agricultural land (Table 5 ). This implies that the only way how to increase land use comes from a conversion of the extensively used pasture land to arable land. Indeed, various literature sources claim that about 40% of agricultural land can still be put in cultivation [42] [43] [44] . However, it must be noted that these claims are only feasible by transforming the existing land use, not by adding more land into cultivation. In addition to this, there are also economic barriers to land access. Administrative procedures for acquiring new agricultural land in Nigeria may be cumbersome and have been put forward as a major bottleneck in the food supply system [42, 45] . 
Definition of Alternative Baselines
It is becoming apparent that Nigeria will soon approach food production limits if non-land inputs are not used more intensively or if there is not a significant change in R&D policy that would boost the crop and animal sector yields. According to FAO, the potential cassava yield is 40 tonnes per hectare, whereas the achieved yield in Nigeria is only 13 tonnes per hectare [46] . Although the SSP2 projections of yields towards 2050 taken from the IMAGE database [47] assume an annual yield growth of about 1%, which is well above the high income countries, it is not enough to make a significant difference in closing the yield gap with the high income countries. At the moment, Nigeria is one of the countries with the lowest use of fertilizer input to land use ( Figure 6 ). Nigerian farmers utilise on average about 10 kg of fertilizer per hectare, which is very little compared to high income countries such as Netherlands, where the consumption is well above 200 kg [48] . In Nigeria, poor infrastructure increases transportation costs that make fertilizer prices unaffordable [49] . Moreover, in the interaction with poor quality of seeds, the productivity impact of fertilizer has its limits [50] . 
It is becoming apparent that Nigeria will soon approach food production limits if non-land inputs are not used more intensively or if there is not a significant change in R&D policy that would boost the crop and animal sector yields. According to FAO, the potential cassava yield is 40 tonnes per hectare, whereas the achieved yield in Nigeria is only 13 tonnes per hectare [46] . Although the SSP2 projections of yields towards 2050 taken from the IMAGE database [47] assume an annual yield growth of about 1%, which is well above the high income countries, it is not enough to make a significant difference in closing the yield gap with the high income countries. At the moment, Nigeria is one of the countries with the lowest use of fertilizer input to land use ( Figure 6 ). Nigerian farmers utilise on average about 10 kg of fertilizer per hectare, which is very little compared to high income countries such as Netherlands, where the consumption is well above 200 kg [48] . In Nigeria, poor infrastructure increases transportation costs that make fertilizer prices unaffordable [49] . Moreover, in the interaction with poor quality of seeds, the productivity impact of fertilizer has its limits [50] . In order to reflect the need for the input intensification in our modelling approach, two foresight scenarios are designed. The first scenario Land_Fixed is the "status quo" scenario that counts with high rigidity in the land market where an increasing demand for food driven by GDP and population growth will not be able to respond either by higher land expansion or by more intensive use of other factors. The alternative scenario Land_Subs incorporates features of institutional change where increasingly higher land scarcity is adjusted by substituting land for non-land inputs such that they are used more intensively in the production process (Table 6 ). This is operationalized by increasing the substitution elasticity between land and other inputs both in crops and land-using livestock sectors (corresponding to nest 1 in the Figures A1 and A2 ). In addition, a higher substitution elasticity between land and feed in the livestock sector and land and fertilizer in the crops sector (nest 3 in Figures A1 and A2 ) is set. The final choice of parameters is in Table 4 . Both scenario versions can be considered as extreme, where under the substitution elasticity of 0.1, which is the default option in In order to reflect the need for the input intensification in our modelling approach, two foresight scenarios are designed. The first scenario Land_Fixed is the "status quo" scenario that counts with high rigidity in the land market where an increasing demand for food driven by GDP and population growth will not be able to respond either by higher land expansion or by more intensive use of other factors. The alternative scenario Land_Subs incorporates features of institutional change where increasingly higher land scarcity is adjusted by substituting land for non-land inputs such that they are used more intensively in the production process (Table 6 ). This is operationalized by increasing the substitution elasticity between land and other inputs both in crops and land-using livestock sectors (corresponding to nest 1 in the Figures A1 and A2 ). In addition, a higher substitution elasticity between land and feed in the livestock sector and land and fertilizer in the crops sector (nest 3 in Figures A1  and A2 ) is set. The final choice of parameters is in Table 4 . Both scenario versions can be considered as extreme, where under the substitution elasticity of 0.1, which is the default option in MAGNET, there is almost no room for substituting land for other inputs. With the elasticity of 1.2, the inputs behave as substitutes and an increasingly scarcer land can be easily substituted for labour, capital and other inputs. We have performed a sensitivity analysis to assess the response to various levels of substitution elasticity ranging from 0.1 (MAGNET default) to 1.2, which are the upper and lower bounds. The land pressure is notably decreased with substitution elasticities above 0.4. 
Another way to mobilize the land market is to allow more flexible conversion between crop land and pastures on the existing land, which makes it easier to increase the share of arable land at the expense of pastures. To operationalize this in MAGNET, a flat land allocation tree is imposed where all types of lands can be perfectly substituted and set the CET elasticity to 1. From the institutional point of view, both measures mean that there is a better mobility of land both for acquiring and for getting rid of.
Results

Agricultural Inputs and Factor Markets
The analysis starts by looking at the agricultural input and factor markets because they directly reveal the pressures or abundance of resources driven by the combination of economic and population growth. First, it is interesting to see what happens with the land prices under both scenarios. Figure 7 shows that if there is no possibility to substitute land for other inputs, land prices will escalate after 2030 due to increasing demand for food. Particularly in the last period, land price growth is enormous, suggesting a real difficulty to meet the demands for food with limited resources. This adverse development could be almost fully avoided if other inputs are used more intensively (Land_Subs scenario). In this case, land prices remain on the same level as in the base year. Table A3 (Appendix C) shows the comparison of annual growth of factor prices for all production factors. As defined in the scenario framework, in the Land_Fixed scenario land is the key constraining factor in agricultural production, with annual growth of prices reaching up to 13%, particularly in the last two decades. For the other production factors, prices would go down. The difficulties of substituting land for other factors creates a situation where other resources in agriculture are under-utilized and their returns are lower. Particularly, the wages of unskilled labour would go down in primary agriculture. This is related to the fact that the agricultural sector is the most labour intensive sector in the Nigerian economy and the largest employer of unskilled labour (over 70% of unskilled labour works in agriculture). Any decline of agricultural production would be reflected in a decline of agricultural wages. On the other hand, in the Land_Subs scenario, the relative prices of non-land factors decline less notably or even increase (unskilled labour in the rest of the economy). Compared to the Land_Fixed scenario, in 2050, in the primary agriculture, wages of both skilled and unskilled labour would be 60% higher and land prices about 100% lower. This results in a very different composition of value added in both scenarios. In 2011, food system has the largest share in the real value added (41%), followed by industry and services (25%). By 2050, the contribution of food system to the real value added is projected to decline in favour of services and industry, from 41% to 23-28% depending on the scenario (Appendix C, Figure A5 ). If land remains fixed, the share of food system in total value-added declines more rapidly than in the Land_Subs scenario. On the other hand, it is apparent that the Land_Fixed scenario supports more industrialization of the economy as industry benefits from the absorption of resources from agriculture. The increase of the oil & gas sector's share in the land substitution scenario is driven by increased foreign demand, provoked by more competitive oil and gas export prices in Nigeria compared to the rest of the world.
It is also instructive to analyse the impact of the land market scenarios on the changes in economy-wide factor demand. Table 7 compares the endowment volumes between the two scenarios. It is apparent that with more land substitution, the agricultural sector utilizes more inputs, including the land itself (the total primary agriculture production goes up and therefore also land). This is also transmitted to the sector of food processing where all endowments increase compared to the Land_Fixed scenario. On the other hand, locking land in agriculture releases labour and capital to be employed in industry and therefore there is more value added created in industry in the Land_Fixed scenario. This is especially visible in case of skilled labour. The resulting impact on the demand for labour and capital in the individual food systems sectors is displayed in Appendix C, Table A4 . The conclusion that stems from this analysis is that better management of land markets could potentially be a strong leverage point for inclusive growth in food systems activities, yet with a trade-off in terms of industrial development. This trade-off appears in classical theories of rural development, and has been a subject of increasing criticism [49] . 
Price Transmission in the Food Supply Chain
The developments in the factor markets are transmitted into markets of goods and services. For this analysis, it is interesting to see what the expected price trends in the food supply chain are towards 2050 and how they are affected by the rigidity of land markets. Figure 8 shows the development of prices in the primary agriculture sector. The land constraint is a key factor in determining whether primary agricultural prices will grow or decline. The tipping point is the period after 2020 when there will be no available land to cultivate. Because of this, prices in primary agriculture would be 5 times higher by 2050. Releasing pressure on land would make a significant difference in the production costs of primary agriculture. In this case, producer prices would decline by 2050. Figure 9 shows how the development on land market is transmitted to other sectors and to final consumers. Clearly, in the Land_Fixed scenario, the growth of land prices is so dominant, that all connecting industries face higher production costs, resulting in an increase of food prices for consumers. On the other hand, with a higher land substitutability, producer prices would go down as well as consumer prices of food. The fact that consumer food prices copy more closely the development of primary rather than processed food suggests that the proportion of consumer spending coming from primary agriculture is higher than from processed industry (about 50% of all food expenditures come from land-using sectors such as horticulture and grain). It also tells that there is a low share of imports in food consumption that could potentially moderate the food price inflation (the share of food imports in total food expenditures is 8% and is stable over time and across the scenario). It is also interesting to see how the developments in the agri-food markets affect prices in the other industries (Appendix Figure C2) . Whereas agri-food prices would be significantly higher in the Land_Fixed scenario, producer prices in the other production sectors would decline more than in the Land_Subs scenario. If there is no substitution of labour for land, the surplus of labour from the Figure 9 shows how the development on land market is transmitted to other sectors and to final consumers. Clearly, in the Land_Fixed scenario, the growth of land prices is so dominant, that all connecting industries face higher production costs, resulting in an increase of food prices for consumers. On the other hand, with a higher land substitutability, producer prices would go down as well as consumer prices of food. The fact that consumer food prices copy more closely the development of primary rather than processed food suggests that the proportion of consumer spending coming from primary agriculture is higher than from processed industry (about 50% of all food expenditures come from land-using sectors such as horticulture and grain). It also tells that there is a low share of imports in food consumption that could potentially moderate the food price inflation (the share of food imports in total food expenditures is 8% and is stable over time and across the scenario). Figure 9 shows how the development on land market is transmitted to other sectors and to final consumers. Clearly, in the Land_Fixed scenario, the growth of land prices is so dominant, that all connecting industries face higher production costs, resulting in an increase of food prices for consumers. On the other hand, with a higher land substitutability, producer prices would go down as well as consumer prices of food. The fact that consumer food prices copy more closely the development of primary rather than processed food suggests that the proportion of consumer spending coming from primary agriculture is higher than from processed industry (about 50% of all food expenditures come from land-using sectors such as horticulture and grain). It also tells that there is a low share of imports in food consumption that could potentially moderate the food price inflation (the share of food imports in total food expenditures is 8% and is stable over time and across the scenario). It is also interesting to see how the developments in the agri-food markets affect prices in the other industries (Appendix Figure C2) . Whereas agri-food prices would be significantly higher in the Land_Fixed scenario, producer prices in the other production sectors would decline more than in the Land_Subs scenario. If there is no substitution of labour for land, the surplus of labour from the It is also interesting to see how the developments in the agri-food markets affect prices in the other industries (Appendix C, Figure A6 ). Whereas agri-food prices would be significantly higher in the Land_Fixed scenario, producer prices in the other production sectors would decline more than in the Land_Subs scenario. If there is no substitution of labour for land, the surplus of labour from the agricultural sector pushes the wages down. Particularly the sector of services benefits from this, which is the largest employer of skilled labour. In industry, the stronger decline of prices in the Land_Fixed scenario is driven by capital prices. There is again a higher surplus of capital from the food processing sector that is allocated in the rest of the economy.
Domestic Production, Trade and Value Added
This section looks more closely into the performance of individual agri-food production systems. Figure 10 displays annual growth of production volume of the commodities that represent 99% of total production in 2020 (both in volume and value). The level of production in 2020 is also presented to understand the importance of each sector in the total agri-food complex. It is observed that in the Land_Fixed scenario, meat processing sectors such as poultry meat, pork meat and other meat enjoy unusual production volume growth reaching above 5% per year. On the other hand, in the Land_Subs scenario, land-using sectors such as crops, other agriculture and horticulture flourish. Because the Land_Subs scenario favours those agricultural sectors that have traditionally strong position in the agri-food chain, the total agri-food production volume is higher in the Land_Subs scenario than in Land_Fixed (note that of course, in value terms, it is the other way around). agricultural sector pushes the wages down. Particularly the sector of services benefits from this, which is the largest employer of skilled labour. In industry, the stronger decline of prices in the Land_Fixed scenario is driven by capital prices. There is again a higher surplus of capital from the food processing sector that is allocated in the rest of the economy.
This section looks more closely into the performance of individual agri-food production systems. Figure 10 displays annual growth of production volume of the commodities that represent 99% of total production in 2020 (both in volume and value). The level of production in 2020 is also presented to understand the importance of each sector in the total agri-food complex. It is observed that in the Land_Fixed scenario, meat processing sectors such as poultry meat, pork meat and other meat enjoy unusual production volume growth reaching above 5% per year. On the other hand, in the Land_Subs scenario, land-using sectors such as crops, other agriculture and horticulture flourish. Because the Land_Subs scenario favours those agricultural sectors that have traditionally strong position in the agri-food chain, the total agri-food production volume is higher in the Land_Subs scenario than in Land_Fixed (note that of course, in value terms, it is the other way around). The divergent development of the agri-food sectors is explained by the growth of production costs and prices. Figure 11 shows that due to an excessive growth of land prices in the Land_Fixed scenario, production costs in land-using sectors such as grain or cattle rise significantly (above 6% p.a.), whereas the non-land agricultural sectors such as other meat, poultry and pigs face a decline of prices. Concretely, prices in pigs and poultry sector reduce 5 times, whereas prices of cattle go up 10 times. Due to these price developments, meat industry enjoys an increased competitiveness compared to the crops sectors. Under the Land_Subs scenario, on the other hand, production costs in primary agricultural sector are lower than in processing industry and the crops sectors expand. The divergent development of the agri-food sectors is explained by the growth of production costs and prices. Figure 11 shows that due to an excessive growth of land prices in the Land_Fixed scenario, production costs in land-using sectors such as grain or cattle rise significantly (above 6% p.a.), whereas the non-land agricultural sectors such as other meat, poultry and pigs face a decline of prices. Concretely, prices in pigs and poultry sector reduce 5 times, whereas prices of cattle go up 10 times. Due to these price developments, meat industry enjoys an increased competitiveness compared to the crops sectors. Under the Land_Subs scenario, on the other hand, production costs in primary agricultural sector are lower than in processing industry and the crops sectors expand. The projected changes in prices, endowments and productivity result in a very different composition of value added in both scenarios. Food supply chain value in MAGNET is defined as a sum of production value of primary agriculture, food processing, wild fish sector, aquaculture, fish processing and fish meal, fertilizer, feed and pesticides. If land is substituted for other factors, the value share of food processing and supplying industries increases, because producer prices and costs in primary agriculture are comparatively lower than in food processing in this scenario. Under the Land_Fixed scenario, due to the excessive growth of land prices, the value of food supply chain is dominated even more strongly by primary agriculture.
The developments in the food systems sectors are also projected to have a strong impact on the external position of Nigeria and the domestic supply and self-sufficiency. Figure 12 shows that the land substitutability plays a significant role in the competitiveness of Nigeria on foreign agri-food markets. Until 2020, trade balance remains stable and negative at around 20 billion USD. After 2020, the trends diverge notably where under the Land_Fixed scenario, trade balance would deteriorate significantly up to a negative 140 billion USD, whilst in Land_Subs scenario, it would improve to a negative 11 billion USD. Aggregate agri-food trade balance is driven by the competitiveness of individual agri-food sectors. In 2020, there are only few sectors which have a positive net trade with abroad, namely the sectors of horticulture, grain and other crops, oils and wild fish (similar in both scenarios). By 2050, in the Land-Fixed scenario, the trade balance in all these traditionally trade-oriented sectors would turn negative (except for wild fish). There is also a very strong deterioration of trade balance in other processed food ("ofd"), due to an increased household consumption of processed food from abroad. On the other hand, there would be a new development on the meat markets, previewing a large The projected changes in prices, endowments and productivity result in a very different composition of value added in both scenarios. Food supply chain value in MAGNET is defined as a sum of production value of primary agriculture, food processing, wild fish sector, aquaculture, fish processing and fish meal, fertilizer, feed and pesticides. If land is substituted for other factors, the value share of food processing and supplying industries increases, because producer prices and costs in primary agriculture are comparatively lower than in food processing in this scenario. Under the Land_Fixed scenario, due to the excessive growth of land prices, the value of food supply chain is dominated even more strongly by primary agriculture.
The developments in the food systems sectors are also projected to have a strong impact on the external position of Nigeria and the domestic supply and self-sufficiency. Figure 12 shows that the land substitutability plays a significant role in the competitiveness of Nigeria on foreign agri-food markets. Until 2020, trade balance remains stable and negative at around 20 billion USD. After 2020, the trends diverge notably where under the Land_Fixed scenario, trade balance would deteriorate significantly up to a negative 140 billion USD, whilst in Land_Subs scenario, it would improve to a negative 11 billion USD. The projected changes in prices, endowments and productivity result in a very different composition of value added in both scenarios. Food supply chain value in MAGNET is defined as a sum of production value of primary agriculture, food processing, wild fish sector, aquaculture, fish processing and fish meal, fertilizer, feed and pesticides. If land is substituted for other factors, the value share of food processing and supplying industries increases, because producer prices and costs in primary agriculture are comparatively lower than in food processing in this scenario. Under the Land_Fixed scenario, due to the excessive growth of land prices, the value of food supply chain is dominated even more strongly by primary agriculture.
The developments in the food systems sectors are also projected to have a strong impact on the external position of Nigeria and the domestic supply and self-sufficiency. Figure 12 shows that the land substitutability plays a significant role in the competitiveness of Nigeria on foreign agri-food markets. Until 2020, trade balance remains stable and negative at around 20 billion USD. After 2020, the trends diverge notably where under the Land_Fixed scenario, trade balance would deteriorate significantly up to a negative 140 billion USD, whilst in Land_Subs scenario, it would improve to a negative 11 billion USD. Aggregate agri-food trade balance is driven by the competitiveness of individual agri-food sectors. In 2020, there are only few sectors which have a positive net trade with abroad, namely the sectors of horticulture, grain and other crops, oils and wild fish (similar in both scenarios). By 2050, in the Land-Fixed scenario, the trade balance in all these traditionally trade-oriented sectors would turn negative (except for wild fish). There is also a very strong deterioration of trade balance in other processed food ("ofd"), due to an increased household consumption of processed food from abroad. On the other hand, there would be a new development on the meat markets, previewing a large Aggregate agri-food trade balance is driven by the competitiveness of individual agri-food sectors. In 2020, there are only few sectors which have a positive net trade with abroad, namely the sectors of horticulture, grain and other crops, oils and wild fish (similar in both scenarios). By 2050, in the Land-Fixed scenario, the trade balance in all these traditionally trade-oriented sectors would turn negative (except for wild fish). There is also a very strong deterioration of trade balance in other processed food ("ofd"), due to an increased household consumption of processed food from abroad. On the other hand, there would be a new development on the meat markets, previewing a large increase in net exports of poultry and other meat (driven by the relative decline of producer prices of these sectors).
In the Land_Subs scenario, the competitiveness of crops sectors is improved and the deficit of Nigeria's trade balance is only moderate. The sectors that have a positive balance in 2020 remain with surplus and other sectors such as beef meat and paddy rice newly gain competitiveness on external markets.
Food Environment and Consumption
In this section, the attention shifts to the consumer side of the economy to assess the impact of the projected changes in food production on households' living standards and food security. Table 8 shows that agri-food consumer prices are expected to increase by 4% in the Land_Fixed scenario, whereas in the Land_Subs scenario, they decline by 1.8%. As a result of that, the quantity of food consumed is higher in the second scenario. Due to excessive growth of food prices, private expenditures on food grow quite significantly in the Land_Fixed scenario and they are also reflected in the growth of total household expenditures. The lower panel in the table analyses food accessibility as the compounding impact of food prices and household earnings, using a cereal price index divided by wage of skilled and unskilled labour as an indicator. In the Land_Fixed scenario, the accessibility of staple food such as cereals declines as the cereal price index is up to 7 times higher compared to the wage of unskilled labour in agriculture, and 4 times higher compared to unskilled labour wage in other industry. The relative accessibility of food is, on the other hand, increasing in the Land-Subs scenario, where cereal prices are below the wages. Similar developments are recorded for the skilled labour, which shows that food-security problems would be threatening both skilled and unskilled labour households in the Land_Fixed scenario. Given that agri-food expenditures grow significantly, it is interesting to see if the share of food expenditures in total household expenditures increases as well (Appendix C, Figure A7 ). In the base year (2011), the share of food expenditures in total expenditures in Nigeria is relatively high, reaching almost 70%. This is in line with Akerele (2015) , who highlights that expenditure on food claimed more than 60% of household income in 2012. In the Land_Subs scenario, the share of food expenditures after 2020 declines to 30%, whereas in the Land_Fixed scenario, due to excessive growth of prices, the share of food expenditures is expected to exceed 80%. Basically, most household income would be spent on food in this case, which is alarming.
In the Land_Fixed scenario, the food groups that contribute most to total food expenditures are horticulture and other crops, cereals, red meat and other food ( Figure 13 ). Contrary to that, in the Land_Subs scenario, the expenditures growth remains very moderate, except for milk & dairy, sugar and processed food, which are food groups with lower share in total expenditures. 
Nutrient Availability
In this section, the impact of the food system developments on household nutrition is analysed. Using the GENUS database, the calories linked to the main food groups in MAGNET are traced. A correction factor is applied to express the total caloric supply in terms of caloric intake of adult female equivalent. Figure 14 shows that in the Land_Fixed scenario, the projected caloric consumption would be in the range of 2600-2700 Kcal, which is about 100 Kcal more than in case of the Land_Subs scenario (4% difference). This shows that improved food accessibility is not necessarily accompanied by higher caloric consumption. Figure 15 shows the composition of caloric consumption across main food groups. As mentioned before, roots and tubers, grain and grain flour are the key sources of energy-they provide about 2000 Kcal out of 2900 Kcal of daily consumption. By 2050, these foods will remain the most important caloric sources but there will be some differences depending on the scenario. In the Land_Fixed scenario, due to a bigger role of food processing, the caloric consumption of more processed foods such as grain flour, vegetable oils and sugar would be higher compared to Land_Subs. Given that 
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In this section, the impact of the food system developments on household nutrition is analysed. Using the GENUS database, the calories linked to the main food groups in MAGNET are traced. A correction factor is applied to express the total caloric supply in terms of caloric intake of adult female equivalent. Figure 14 shows that in the Land_Fixed scenario, the projected caloric consumption would be in the range of 2600-2700 Kcal, which is about 100 Kcal more than in case of the Land_Subs scenario (4% difference). This shows that improved food accessibility is not necessarily accompanied by higher caloric consumption. Figure 15 shows the composition of caloric consumption across main food groups. As mentioned before, roots and tubers, grain and grain flour are the key sources of energy-they provide about 2000 Kcal out of 2900 Kcal of daily consumption. By 2050, these foods will remain the most important caloric sources but there will be some differences depending on the scenario. In the Land_Fixed scenario, due to a bigger role of food processing, the caloric consumption of more processed foods such as grain flour, vegetable oils and sugar would be higher compared to Land_Subs. Given that Figure 15 shows the composition of caloric consumption across main food groups. As mentioned before, roots and tubers, grain and grain flour are the key sources of energy-they provide about 2000 Kcal out of 2900 Kcal of daily consumption. By 2050, these foods will remain the most important caloric sources but there will be some differences depending on the scenario. In the Land_Fixed scenario, due to a bigger role of food processing, the caloric consumption of more processed foods such as grain flour, vegetable oils and sugar would be higher compared to Land_Subs. Given that these foods have high caloric content, this explains why the caloric consumption is slightly higher in the Land_Fixed scenario. It is also important to assess whether the energetic consumption corresponds to a higher intake of micronutrients. For instance, although in Land_Subs scenario the total caloric consumption is slightly lower, the caloric intake from fruits and vegetables is higher, which is important from the health perspective. Figure 16 shows that nutritional intake is projected to increase for all deficient nutrients, except for calcium, where projections diverge per scenario. In the Land_Fixed scenario, calcium intake would decline by 1% compared to 2020, whereas in the Land_Subs scenario, nutrient intake increases to 8% compared to 2020. Fifty per cent of calcium in Nigeria is obtained from cassava, yams, citruses and okra. Because the Land_Subs scenario favours the horticulture and crops food systems, it also leads to a higher intake of calcium. On the other hand, in the Land_Fixed scenario the intake of carbohydrates and fats would be up to 23% higher than in 2020. It is also important to look at how the nutrient gap evolves in time per scenario (Figure 17) . Clearly, the projected changes in nutrient intake are too small to make a significant improvement in the nutrient gap. The exception is the intake of vitamin A, where the ratio could increase to 1.8 in the Land_Fixed scenario. This is driven by a push in palm oil consumption which represents about 70% It is also important to assess whether the energetic consumption corresponds to a higher intake of micronutrients. For instance, although in Land_Subs scenario the total caloric consumption is slightly lower, the caloric intake from fruits and vegetables is higher, which is important from the health perspective. Figure 16 shows that nutritional intake is projected to increase for all deficient nutrients, except for calcium, where projections diverge per scenario. In the Land_Fixed scenario, calcium intake would decline by 1% compared to 2020, whereas in the Land_Subs scenario, nutrient intake increases to 8% compared to 2020. Fifty per cent of calcium in Nigeria is obtained from cassava, yams, citruses and okra. Because the Land_Subs scenario favours the horticulture and crops food systems, it also leads to a higher intake of calcium. On the other hand, in the Land_Fixed scenario the intake of carbohydrates and fats would be up to 23% higher than in 2020. It is also important to assess whether the energetic consumption corresponds to a higher intake of micronutrients. For instance, although in Land_Subs scenario the total caloric consumption is slightly lower, the caloric intake from fruits and vegetables is higher, which is important from the health perspective. Figure 16 shows that nutritional intake is projected to increase for all deficient nutrients, except for calcium, where projections diverge per scenario. In the Land_Fixed scenario, calcium intake would decline by 1% compared to 2020, whereas in the Land_Subs scenario, nutrient intake increases to 8% compared to 2020. Fifty per cent of calcium in Nigeria is obtained from cassava, yams, citruses and okra. Because the Land_Subs scenario favours the horticulture and crops food systems, it also leads to a higher intake of calcium. On the other hand, in the Land_Fixed scenario the intake of carbohydrates and fats would be up to 23% higher than in 2020. It is also important to look at how the nutrient gap evolves in time per scenario (Figure 17) . Clearly, the projected changes in nutrient intake are too small to make a significant improvement in the nutrient gap. The exception is the intake of vitamin A, where the ratio could increase to 1.8 in the Land_Fixed scenario. This is driven by a push in palm oil consumption which represents about 70% It is also important to look at how the nutrient gap evolves in time per scenario (Figure 17) . Clearly, the projected changes in nutrient intake are too small to make a significant improvement in the nutrient gap. The exception is the intake of vitamin A, where the ratio could increase to 1.8 in the Land_Fixed scenario. This is driven by a push in palm oil consumption which represents about 70% of all vitamin A intake in Nigeria. On the other hand, the Land_Subs scenario would favour more the intake of thiamine, vitamin C, vitamin B6 and folate. However, the calcium, fat, riboflavin and iron would remain highly deficient in the Nigerian nutrition by 2050. of all vitamin A intake in Nigeria. On the other hand, the Land_Subs scenario would favour more the intake of thiamine, vitamin C, vitamin B6 and folate. However, the calcium, fat, riboflavin and iron would remain highly deficient in the Nigerian nutrition by 2050. 
Discussion
It was shown by means of a modelling exercise that structural change in agriculture and transformation in the food system are important elements in diet change in Nigeria. The Nigerian (agri-fish-) food system is undergoing substantial change under the influence of global and domestic drivers, and model analysis gives insight into the processes of adjustment. Nigeria is currently the country with the lowest level of input use in agriculture (in value terms) in the global database that underpins the MAGNET model, and with a reserve of just 10% of agricultural land that can be brought into production. Model projections suggest that a process of intensification of agriculture in combination with land substitution appears critical for the evolution of food and nutrition security, and for shifts towards healthy diets for the population. The strength of the analytical framework employed in this study is its capability to account for economy-wide adjustments of producer and consumer decisions under the influence of global drivers of change and the drivers related to the rigidity in the land market. This no.1 feedback effect, as defined in the introduction, appears to be particularly strong in relation to adjustments in factor markets for labour in response to the land rigidity scenarios combined with economic growth and expansion of the population. A major assumption underpinning the improved food accessibility and shifts towards greater diversity and quality in the diet under the Land_Subs scenario stems from adjustments in the labour market. In particular, the model projects that unskilled agricultural employment grows by over 2%, and skilled labour by over 80%, suggesting that skilled work becomes firmly established in the agriculture sector. This is a substantial departure from today's realities, in which farming is predominantly a low-input activity. More detailed assessments will need to be done to assess confidence whether the Nigerian labour market would support such a transformational shift.
At least two implications of these scenario analyses can be assessed. First, without a significant governmental policy directed to R&D, it is not plausible to expect significant boosts of yields in the future. Coupled with the limited possibilities for the expansion of agricultural land, to prevent the collapse of the system under the dynamic growth of population and incomes, an increase in input intensification will be necessary. Western Africa has one of the lowest shares of agricultural R&D spending as a proportion of agricultural GDP in the world (0.5% vs 5% in high income countries). In earlier research it was estimated that under a 0.5% share of R&D spending in agricultural GDP, land 
At least two implications of these scenario analyses can be assessed. First, without a significant governmental policy directed to R&D, it is not plausible to expect significant boosts of yields in the future. Coupled with the limited possibilities for the expansion of agricultural land, to prevent the collapse of the system under the dynamic growth of population and incomes, an increase in input intensification will be necessary. Western Africa has one of the lowest shares of agricultural R&D spending as a proportion of agricultural GDP in the world (0.5% vs 5% in high income countries). In earlier research it was estimated that under a 0.5% share of R&D spending in agricultural GDP, land productivity can grow up to 1% annually ( Figure 18 ) [51] . In order to close the yield gap with high income countries, yields would need to grow by 3.5% annually, which requires a much larger share of R&D spending than is the current spending.
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The results of our study can be put into context with other empirical evidence, although, as argued in the introduction section, the macroeconomic perspective on the linkage between food systems and diets is not yet sufficiently covered in the existing literature. One recent study applied a CGE methodology as well, to carry out an economic assessment of climate change impacts in Nigeria [16] . Whereas the authors warn against possible growth of food prices and higher food dependency on foreign imports due to climate change, they do not analyse the nutritional aspects of climate change impacts in Nigeria. Another study examined the agricultural transformation and its relation to hunger and poverty eradication in Nigeria [43] . The study argued that a rural transition is a condition for the alleviation of hunger and poverty. First, a structural change in labour markets to commercialize agriculture and develop agro-based industries was considered to be a major agricultural development pathway in Nigeria. This is in line with our study that clearly shows that in the absence of land substitution, labour currently employed in agriculture will have to seek employment outside of the primary sector, accelerating the process of urbanization. However, it can also be argued that in case of higher intensification, the agricultural labour could be used more productively within the agricultural sector and contribute thus to growth of rural wages. Second, the potential importance of increased capitalisation of the agricultural sector by improving access to credit was considered as a condition for the commercialisation pathway to materialise [43] . The findings from this study corroborate this; under assumptions that land is better substitutable for other inputs, the food-industry can absorb as much as 40% more capital, which points out to the need to improve access to credit to stimulate the intensification process of Nigerian agri-food system.
Various global initiatives employ food systems foresight on the global scale. A recent review identified a paucity of studies that apply comparable methodologies at regional and national levels [8] . It is instructive, therefore, to reflect on this study on the food systems foresight on Nigeria from the perspective of an earlier global approach that addressed similar themes using comparable methods as ours [53] . The baseline scenario in this study identified similar challenges in achieving the goals of achieving food and nutrition security in the absence of agricultural intensification. These are upward pressure on land prices, high food prices threating economic growth, insufficient agricultural productivity growth and a prevalence of micronutrient deficiency. In view of this, the results of this study, while focussed on Nigeria, can provide lessons for other developing countries facing similar issues of rapid transformation coupled with the triple burden of malnutrition. Results of this study indicate that different trajectories of the food system affect average diet developments towards more calories, carbohydrates and fats or alternatively towards an increased importance of fruit and vegetables. While showing that food system developments matter for the undernutrition, micronutrient deficiency and obesity challenges of fast changing countries like Nigeria, complementary micro-level analyses are needed to assess the food system impacts on the nutrient transition of vulnerable population groups.
There are several limitations of this study that should be mentioned. Because of the widespread presence of informal arrangements in Nigerian markets, it is difficult to represent them in a broad-based modelling framework such as the global computable equilibrium model used here. A further limitation is that the behavioural decisions of consumers are modelled for a single representative household. No distinction is made regarding the livelihood system or geography of the household, even though these conditions will obviously drive both production and consumption decisions as well as dietary outcomes. Analyses of household consumption point to large differences across households in relation to socioeconomic, geographic and cultural variables [30, 32, 33] . In particular, the regional and rural/urban dimensions of nutrition warrant a deeper analysis if it is made useful for policy-making in Nigeria.
With respect to the areas of future research, a further analysis of the heterogeneity of household response to food systems drivers is considered as key issue. As consumer diets should be seen as outcomes as well as drivers of the performance of national food systems, maintaining a link with the macro-level framework as presented here is considered to be important while exploring response at the micro-level in greater depth. The question raised before, whether Nigeria's national food system has the potential to nourish its population with a healthy diet, can therefore be answered only in part, with these limitations in mind.
Conclusions
This paper provides a perspective on the future of food systems in Nigeria, taking into account an interplay of various macroeconomic and biophysical drivers. Because of its highly dynamic economic growth and demographic boom, the country represents an interesting case of studying the impact of these drivers on the food systems.
Given the historical increase in land expansion and low yield growth, land availability was identified as the key constraining factor determining the future of the food systems and food security.
The projections obtained in this study distinguish two future worlds for Nigeria and it is the land rigidity and extensification that determines which of the two worlds would become reality. In the first world, where land would be used extensively without inputs substitution, increasing pressures on the land market would result in excessive growth of producer prices. Food systems production value would increase about six times to the benefit of some agri-food players, mainly (white) meat processing sectors that could turn net exporters for the first time. For the economy as a whole, it would bring a positive structural transformation towards industrialization, higher role of services, less agriculture and less oil & gas. This is because industry and services would benefit from the release of non-land resources from agriculture. On the other hand, the world would become less favourable for consumers due to rising food prices, declining wages and increasing wage disparity between agriculture and the rest of the economy. Most of the income of the consumers would be spent on food and the access to food as one of the dimensions of food security would worsen not only for the unskilled but also for the skilled labour endowed households. From the nutritional point of view, the households would consume more calories, but these would come from more processed foods such as flour and palm oil, as well as from white meat.
In the alternative world, the non-land inputs, particularly labour, would substitute increasingly scarcer land. Higher land productivity due to the use of more inputs would rise wages in agriculture resulting in a more pro-poor growth. The traditionally trade-oriented sectors would restore competitiveness and, eventually, agri-food trade would enjoy a positive trade balance in many commodities. The structural transformation from agriculture to industry would be also expected, but with a higher share of food-economy. Because of decreasing food prices and increasing wages, food security would improve and the share of food expenditures in total expenditures would be comparable to a middle-income economy. Although the caloric consumption would come from more from primary agriculture, the share of fruits and vegetables would be higher, with more positive health impacts.
Main policy recommendations for fostering food systems development with positive nutritional impacts in Nigeria are directed to increased investments in agricultural R&D to alleviate the land pressure, reducing the rigidity of land markets to stimulate entrance and exit from the land market and to support intensification by improved access to capital markets and by replacing land for agricultural labour to stimulate agricultural wages.
As argued in the discussion, for multiple reasons the evolution of impact of these food systems changes on diet and nutrient gaps warrants further analysis and interpretation in a combined micro-level and macro-level framework. Concretely, the absorption capacity of skilled labour inside agriculture should be further assessed. An important area of future research is the analysis of heterogeneity of household response to food systems by linking the macro-level framework to simulating behaviour of individual households. This can enable tracing how the macro-drivers of food system effect individuals' nutritional outcomes and provide more insights into the nutrition inequality. 
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Appendix A. The Nested Structure of CES and CET Functions in MAGNET Figure A1 . The nested production structure in the crop production sectors (substitution elasticity is in the brackets). Figure A2 . The nested production structure in the livestock production sectors (substitution elasticity is in the brackets). Gas, oil and fish Figure A1 . The nested production structure in the crop production sectors (substitution elasticity is in the brackets).
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